Retrograde and anterograde amnesic effects of excitotoxic lesions of the rat retrosplenial cortex (RS) and hippocampus (HPC) were investigated. To test retrograde amnesia, rats were trained with two-arm place discrimination in a radial maze 4 wk and 1 d before surgery with a different arm pair, respectively. In the retention test 1 wk after surgery, both lesion groups showed temporally ungraded retrograde amnesia. To test anterograde amnesia, animals were trained after surgery to discriminate three arm pairs successively within a day, and then after interposition of 1-to 4-wk intervals, one of these pairs, respectively, was tested for retention. RS-lesioned rats could acquire these pairs of place discriminations rapidly but showed a retention interval-dependent impairment in the retention test. Conversely, HPC-lesioned rats took more sessions to acquire these pairs than did the control group, and their retention was ∼70% of correct performance regardless of retention interval. Results suggest that RS and HPC have different roles in spatial memory and that RS is important for remote memory process.
Recent studies indicate that the retrosplenial cortex (RS) may contribute to spatial learning and memory in humans (Valenstein et al. 1987; Maguire 2001 ) and rodents (Sutherland et al. 1988; Aggleton 2002, 2004) . In addition, the RS might cooperate with the hippocampus (HPC) to engage in spatial learning and memory, since the RS has dense reciprocal neural connections with the hippocampal formation (Vogt 1986; Wyss and van Goren 1992; Burwell and Amaral 1998) , which is important for learning and memory, and both RS and HPC contain neurons with spatial firing properties such as "head direction cells" (Chen et al. 1994; Cho and Sharp 2001) and "place cells" (O'Keefe and Nadel 1978) . Furthermore, the neural activity of RS affects the hippocampal spatial coding (Cooper and Mizumori 2001) and the hippocampal theta wave activity (Destrade and Ott 1982; Vanderwolf et al. 1985) , which is related to learning and memory (Pan and McNaughton 1997) . Moreover, fornix transection or HPC lesions caused a reduction of c-Fos expression in RS during radial maze performance (Vann et al. 2000; Albasser et al. 2007) .
It has been considered that memory function depends on an interaction between HPC and the neocortical areas (e.g., Squire 1992; Eichenbaum et al. 1994; Nadel and Moscovitch 1997) . Most of these perspectives assumed that long-term memory is stored in the neocortex. Thus, the RS might be one of the candidate brain regions that form a network with hippocampal formation in memory function, especially in long-term memory processing. However, there were few lesion studies that demonstrated the role of the RS in spatial memory processes and that directly compared the effects of lesions of the RS and HPC. Thus, it remains unclear whether the RS is important for spatial longterm memory and whether the roles of the RS and HPC in spatial memory could be clearly differentiated.
Here we compared retrograde and anterograde amnesic effects of RS and HPC lesions on two-arm place discrimination in a radial maze. We made dorsal HPC lesions since dorsal HPC has been reported more important for spatial memory than is ventral HPC (e.g., Pothuizen et al. 2004 ). To test retrograde amnesia (Experiment 1), animals were trained at different time periods prior to surgery, and a retention test was conducted after surgery. Anterograde amnesia (Experiment 2) was assessed both by postsurgical acquisition of the two-arm place discrimination and by retention test of the task after various retention intervals.
Male Wistar-Imamichi rats (n = 22 and 23 in Experiment 1 and 2, respectively), 3-4 mo old (mean, 318 g), were maintained at 80%-85% of their free feeding weight and housed individually and kept on a 12-h light-dark cycle. All behavioral testing was conducted during the light cycle (08:00-20:00 h). Animal experiments were approved by the University of Tsukuba Committee on Animal Research. All efforts were made to minimize the number of animals used and their suffering.
An elevated eight-arm radial maze made of gray polyvinyl chloride was used. It consisted of an octagonal central platform (35 cm in diameter) and eight arms (60 ‫ן‬ 12 cm) radiating from the central platform. The side wall of each arm was 4 cm high. A food well (3 cm in diameter and 1 cm deep) for three food pellets (45 mg each, Bio-Serv Inc.) as a reward was placed 1 cm from the end of each arm. A transparent guillotine door that controlled the rats' access to the central platform was placed between each arm and the central platform. There were many kinds of extramaze cues (e.g., blackboard, shelf, desk) around the maze in the experiment room (2.4 ‫ן‬ 2.4 m).
For the place discrimination task, pairs of four adjacent arms out of eight arms were used (named P1-P4 in a trained order). These arm pairs differed among subjects. One arm of each pair was always baited as a positive arm (S+), whereas the other was not baited throughout experiment as a negative arm (S‫.)מ‬ The position of the S+ arm (i.e., left or right) was counterbalanced across arm pairs and lesion groups.
Each trial began by opening both doors of the arm pair after a confinement of the subject into the central platform for 20 sec. If the rat ran down to the S+ arm, it could get the reward (correct response). If the rat ran down to an arm end of the arm pair, the rat was picked up and immediately returned to the central platform. After a 20-sec confinement (i.e., intertrial interval), the same pair of doors were reopened for the next trial. By using this length of confinement time, we could prevent animals from developing a bias such that when the door was opened, their orientation was not random, since animals did not remain stationary for 20 sec and moved around in the central platform. Thus, animals could not use a response/cue strategy, and we could test spatial memory in this task. Each session consisted of 12 consecutive trials, and the intersession interval was 10-20 min. The animals received continuous training in a day until they reached the learning criterion of 11 or more correct responses in one session. In the retention test, only one session under the same procedure was conducted.
In Experiment 1 (Fig. 1A) , each rat was trained with P1 and P2 in 2 d. These two pairs were used for training of the task itself, and they were not used for retention test. One week after P2 acquisition, the animals were trained with P3 and P4 for acquisition. P3 was trained 4 wk before surgery, and P4 was 1 d before surgery. On the next day of P4 acquisition, the animals were randomly assigned to RS (n = 8), HPC (n = 7), or sham-operated control (Cont; n = 7) groups on the basis of sessions to criterion in P3 and P4. After 1-wk recovery period from surgery, they were given a retention test (12 trials) of P3 and P4 within a day. The order of the P3 and P4 test was counterbalanced.
In Experiment 2 (Fig. 1B) , the rats were trained with P1 within a day. P1 was used for training of the task itself and was not used for retention test. On the next day of P1 acquisition, the animals were randomly assigned to RS (n = 8), HPC (n = 7), or Cont (n = 8) groups on the basis of sessions to criterion in P1. After 1-wk recovery period from surgery, they were given acquisition training of P2-P4 within a day. After acquisition of these pairs, 1-, 2-, or 4-wk intervals were interposed, and one of these pairs was tested for retention (12 trials), respectively. The assignment of which interval was interposed for P2-P4 was counterbalanced.
Surgery was conducted under sodium pentobarbital anesthesia (40 mg/kg, i.p.) using a stereotaxic instrument (David Kopf). The excitotoxic lesions were produced by N-methyl-Daspartic acid (NMDA; Sigma), which was dissolved in 0.1 M phosphate buffered saline (PBS; pH 7.4) at a concentration of 10 mg/ mL. NMDA was injected bilaterally into each site at a rate of 0.3 µL/min for 1 min (i.e., 3 µg of NMDA) through a stainless steel injection cannula (30 gauge) connected to a 10-µL Hamilton syringe. The cannula was left in place for 3 min at each site. The stereotaxic coordinates for RS lesions were as follows: AP ‫,5.2מ‬ LM ‫5.0ע‬ (from bregma), DV ‫7.0מ‬ (from dura); AP ‫,6.3מ‬ LM ‫,5.0ע‬ DV ‫;7.0מ‬ AP ‫,7.4מ‬ LM ‫,6.0ע‬ DV ‫;0.1מ‬ AP ‫,8.5מ‬ LM ‫,8.0ע‬ DV ‫;2.1מ‬ AP ‫,9.6מ‬ LM ‫,9.0ע‬ DV ‫;5.1מ‬ AP ‫,0.8מ‬ LM ‫,2.1ע‬ DV ‫.2.2מ‬ Those for the dorsal HPC lesions were as follows: AP ‫,8.2מ‬ LM ‫,5.1ע‬ DV ‫;0.3מ‬ AP ‫,3.3מ‬ LM ‫,5.2ע‬ DV ‫;3.3מ‬ AP ‫,9.3מ‬ LM ‫,0.2ע‬ DV ‫;3.3מ‬ AP ‫,9.3מ‬ LM ‫,0.3ע‬ DV ‫;0.3מ‬ AP ‫,5.4מ‬ LM ‫,5.2ע‬ DV ‫;5.3מ‬ AP ‫,5.4מ‬ LM ‫,5.3ע‬ DV ‫.5.3מ‬ Cont rats received the same procedure as did rats with RS or dorsal HPC lesions, except that they were injected with the same volume of PBS.
After the completion of behavioral tests, the rats were deeply anesthetized with sodium pentobarbital (i.p.), and perfused intracardinally with 0.9% saline solution followed by 10% formalin solution. Brains were removed and post-fixed in formalin solution for 24 h and then submerged in a 20% sucrose solution. Coronal sections (40 µm) were cut in a cryostat (CM3000; Leica), and stained with cresyl violet.
Histological results are shown in Figure 2B (Experiment 1) and Figure 3C (Experiment 2). Examination of the histological materials from Cont confirmed that there was no discernible damage to the RS or HPC due to PBS injection. Most RS-lesioned rats sustained bilateral damage to large extents of the RS. There was no damage extended to the posterior parietal cortex. Small unilateral damage to the CA1 subfield of the dorsal HPC was observed in two cases in Experiment 1 and in one case in Experiment 2. Partial damage to the most caudal area of the anterior cingulate cortex occurred in two cases in Experiment 1 and in three cases in Experiment 2. Most HPC-lesioned rats had bilateral damage to the CA1-CA3 subfields of the dorsal HPC and dorsal dentate gyrus. The smallest lesioned animals in each experiment spared some bilateral CA1 subfield. None of HPClesioned rats had any damage to the RS. Partial damage to the posterior parietal cortex located dorsal to HPC occurred in three cases in Experiment 1 and in one case in Experiment 2. No substantial differences of lesion size between the two experiments were observed. In preoperative acquisition in Experiment 1, all subjects acquired place discrimination of the P3 and P4 at 4 wk or 1 d before surgery. Mean number of sessions to learning criterion (‫ע‬SEM), including criterion session for P3 and P4, were 1.9 ‫ע‬ 0.12 and 1.6 ‫ע‬ 0.15, respectively. A two-way ANOVA showed that there were no significant differences among the three groups and between two pairs of training-lesion intervals (i.e., P3 and P4). Figure 2A shows mean percentage of correct responses in the retention test at each training-lesion interval. Cont rats performed well in the retention test, and the correct responses declined in accordance with the interval length. Conversely, both lesion groups showed a marked impairment at both 1-d and 4-wk intervals. Since the reten- Figure 1 . Two-arm place discrimination task in a radial maze. S+ and S‫מ‬ represent always-baited and always-unbaited arms, respectively. P1-P4 denote the order of acquisition in place discrimination training. (A) A typical procedure in Experiment 1. Subjects were preliminarily trained with P1 and P2 in discrimination training in 2 d. One week after P2 acquisition, rats were trained with P3 and P4, 4 wk or 1 d before surgery, respectively. One week after surgery, they were given retention tests for P3 and P4 within a day. The arm pairs and S+ arms were different among subjects. (B) A typical procedure in Experiment 2. Rats were trained with P1 on the previous day of surgery. After 1 wk recovery period, the animals were given acquisition training for P2 to P4 within a day. After acquisition of these pairs, a 1-, 2-, or 4-wk interval was interposed, and one of these pairs was tested for retention, respectively. The arm pairs and S+ arms were different among subjects. tion performance in Figure 2A was based on all 12 trials with reinforcement, we also analyzed the animals' correct response in the first trial of the test as an accurate measure of retrograde amnesia. As shown in Table 1 , the percentage of animals that showed a correct choice in the first trial of retention test almost paralleled the scores of the whole session in Figure 2A .
In preoperative place discrimination training in Experiment 2, animals acquired P1 place discrimination task in 6.4 ‫ע‬ 0.3 sessions (mean ‫ע‬ SEM), including the criterion session. There was not a significant difference among three groups. Figure 3A shows the mean number of sessions to learning criterion of P2-P4 in postoperative acquisition. All groups of animals could acquire P2-P4 place discrimination, and the number of sessions to criterion was smaller in all three groups than that of preoperative acquisition of P1. RS rats acquired these pairs as fast as Cont rats, while HPC animals required more sessions to criterion for each pair compared with Cont rats. Figure 3B shows mean percentage of correct responses at each retention interval in the retention test. The correct responses in the Cont and RS groups declined as the retention interval extended, and the RS rats showed a more accelerated decline. Conversely, the HPC rats' performance was at ∼70% irrespective of the retention interval. We also analyzed the first choice response in the retention test as in Experiment 1. Similar to the scores based on the whole retention test trials, correct responses in the RS group tended to decrease as the retention interval was prolonged, while those in the HPC group remained stable irrespective of retention intervals (Table 1) . Furthermore, we analyzed if there was a significant increase of cor- Post hoc analysis by a Tukey's HSD test in each pair revealed that the HPC group, but not the RS group, needed more sessions to criterion compared with the Cont group in all three pairs (P < 0.05 for P2 and P4; P < 0.01 for P3). (B) Mean percentage of correct responses (‫ע‬SEM) in the retention test (12 consecutive trials). A two-way ANOVA showed significant main effects of group (F (2,20) = 3.96, P < 0.05) and retention interval (F ( 2 , 4 0 ) = 10.43, P < 0.01) and a significant interaction of group ‫ן‬ retention interval (F (4,40) = 3.13, P < 0.05). Further analyses of simple main effects at each retention interval revealed that there were significant main effects of group at 1 wk (F (2,60) = 3.83, P < 0.05) and 4 wk (F (2,60) = 4.84, P < 0.05). Post hoc comparison by a Tukey's HSD test for each retention interval indicated that the HPC animals in the 1-wk interval was lower than the Cont animals (P < 0.05), and the RS group in the 4-wk interval was lower than the Cont group (P < 0.05). (C) Coronal brain sections illustrating the extent of the largest (black) and smallest (gray) lesions of the RS and HPC. Numbers represent the distance (mm) posterior to bregma (Paxinos and Watson 1998) . (D) Mean percentage of correct responses (‫ע‬SEM) in the first and second halves (six trials) of the retention test. Student's t-test between the first and second halves showed there were no significant differences of the percentage of correct responses for all lesion groups at all retention intervals. Asterisks show significant differences from the Cont group (*P < 0.05, **P < 0.01). See also the legend for Fig. 2 .
Figure 2. Behavioral and histological results of the retrograde amnesia experiment (Experiment 1). (A) Mean percent correct responses (‫ע‬SEM)
in the retention test (12 consecutive trials). A two-way ANOVA showed a significant main effect of group (F (2,19) = 13.84, P < 0.001). Post hoc analysis by a Tukey's HSD test indicated that scores of both the RS and HPC groups were significantly lower than that of the Cont group (P < 0.05). Although the RS group was somewhat better than the HPC group, there was not a significant difference between two groups in both interval conditions. There were neither significant main effect of interval nor interaction between lesion ‫ן‬ interval effects. (B) Coronal brain sections illustrating the extent of the largest (black) and smallest (gray) lesions of the RS and HPC. Numbers represent the distance (in mm) posterior to bregma (Paxinos and Watson 1998) . Cont indicates rats with vehicle injection; RS, rats with NMDA lesion of the retrosplenial cortex; and HPC, rats with NMDA lesion of the dorsal hippocampus. (Fig. 3D) , since within-session learning could produce high levels of performance irrespective of whether animals retained information on which arm was baited. The performance of both lesion groups, as well as the Cont group, was almost the same extent in the first and second six trials at all interval conditions.
In Experiment 1, both RS and HPC groups showed a severe impairment of performance in the postoperative retention test. The correct responses of both lesion groups were very poor (51%-61%) irrespective of the length of the training-lesion interval. Analysis of the first trial responses in the retention test (Table 1) also showed almost the same levels of correct responses in each group, although it could not provide statistical support because of small group sizes. Thus, both lesion groups showed a severe and temporally ungraded retrograde amnesia of place discrimination. The retrograde amnesic effect of HPC lesions has been repeatedly investigated in various tasks; however, different patterns of results have been reported. Some studies showed that HPC lesions caused temporally graded retrograde amnesia (e.g., Kim et al. 1995; Clark et al. 2002) , which is the phenomenon of premorbid memory loss whereby information acquired recently is more impaired than that acquired more remotely. The hypothesis based on this pattern of findings proposed that the HPC might have a time-limited role in retention and retrieval of memory until the consolidation is complete, after which memories become gradually independent of the HPC and stored in the neocortex (Squire and Alvarez 1995; Frankland and Bontempi 2005) . The other studies showed that HPC lesions induced temporally ungraded retrograde amnesia (e.g., Mumby et al. 1999; Lehmann et al. 2007) , in which both recent and remote memories acquired prior to injury were impaired equally. This phenomenon has led to the proposition that the HPC can contribute indefinitely to memory storage and retrieval (Nadel and Moscovitch 1997; Rosenbaum et al. 2001 ).
Our present results are consistent with the latter model pattern and suggest that the HPC is important for both recent and remote spatial memory. Thus, the HPC might be involved in all stages of spatial long-term memory processes that include consolidation, storage, and retrieval. Nevertheless, this does not mean that we can totally rule out the possibility that the HPC is involved in memory only for a limited period of time after learning. First, brain imaging studies using [ 14 C]2-deoxyglucose uptake and Zif268 expression technique have shown that remote spatial memory could become independent of HPC with the passage of time (Bontempi et al. 1999; Maviel et al. 2004; Frankland and Bontempi 2005) . Second, most of the previous studies using spatial memory tasks reported temporally ungraded retrograde amnesia after HPC lesions (e.g., Bolhuis et al. 1994; Martin et al. 2005) , while in nonspatial memory tasks such as social transmission of food preference (Clark et al. 2002) HPC-lesioned rats showed temporally graded retrograde amnesia. We hypothesize that the HPC plays an important role not only in spatial memory but also in on-line spatial information processing (O'Keefe and Nadel 1978; Poucet et al. 2003) . Since spatial memory tasks require on-line spatial information processing as well as spatial memory, HPC lesions could disturb the task performance even after a limited period of time and thus produced temporally ungraded retrograde amnesia. Based on this view, one may or may not observe a temporally graded retrograde amnesia depending on the details of the test situation. Taken together, temporally ungraded retrograde amnesia obtained in the present study suggests the long-lasting HPC contribution to memory formation. However, another possibility could be that the deficient spatial processing by HPC lesions during the retention test caused a low level of retention test performance.
Concerning the function of the RS, we have found evidence for temporally ungraded retrograde amnesia induced by the lesion of this area for the first time. The result suggests the possibility that the RS is needed indefinitely for spatial long-term memory. However, increased Zif268 expression in the RS has a been reported if animals were tested 30 d, but not at 1 d, after training in a five-arm radial maze as a reference memory task (Maviel et al. 2004) , and this pattern of expression was in contrast to the expression in the HPC. Thus, it seems that the RS has a time-limited role in spatial memory and is important for remote memory, but not for recent memory. On the other hand, the RS contains cells with strong spatial correlation (Chen et al. 1994; Cho and Sharp 2001) , and this suggests that the RS is necessary for on-line spatial information processing to perform spatial tasks as well as the HPC; the present results could be due to the deficit of spatial processing itself during the retention test as well as the deficit of spatial memory. Taken together, our present results suggest that the RS might contribute to both recent and remote memories acquired prior to lesions. However, further investigation is needed to determine whether the same kind of results would be obtained even if nonspatial tasks were tested.
In Experiment 2, clearly different patterns of anterograde amnesia between the RS and HPC groups were observed. In postoperative place discrimination training, all three groups could acquire P2-P4 and needed fewer sessions to acquire them than to acquire P1 in preoperative training. This suggests that all groups of animals could retain the presurgically acquired memory of how to solve the problem in the apparatus. However, only HPClesioned rats took significantly more sessions to criterion than the Cont group. This is consistent with a previous study in which HPC-lesioned rats were impaired to learn place discrimination of a new arm pair (Cho et al. 1995) . In order to acquire place discrimination in the present study, subjects might have been required to maintain information on which arm was baited during training. Therefore, the HPC rats might have a difficulty in maintaining this information even for a limited, short period of training session (up to 10-20 min). Conversely, the RS group could acquire P2-P4 as fast as the Cont group. Previous studies reported that RS-lesioned rats that had preoperative training showed mild impairment compared with those without preoperative training (Lukoyanov et al. 2005; Cain et al. 2006) . Thus, since in the present experiment we conducted preoperative training using different alternatives, RS-lesioned rats might have been able to perform normally in postoperative place discrimination training.
In retention tests of postoperatively acquired discrimination ( Fig. 3B; Table 1 ), correct performance of the Cont animals showed a gradual decrease as the retention interval increased. The RS group showed a remarkable retention interval-dependent impairment. It must be noticed that the RS-lesioned rats completely failed to discriminate the adjacent two arms that they learned 4 wk before, although they could discriminate other adjacent two arms almost to the same extent as the Cont animals if they learned it 1 wk before. This pattern of impairment strongly suggests that the role of the RS in spatial memory required for this task changes depending on the time after acquisition. Our present results might reflect a deficit of long-term storage and/or retrieval after long-term storage, since performance of the RS animals was impaired only with a long retention interval. This may be consistent with the finding that the expression of Zif268 was elevated in the RS after the test of remote spatial memory, but not of recent memory (Maviel et al. 2004 ). The RS is proposed as a candidate brain region that forms a network with hippocampal formation in memory function, since the RS has dense neural connections with hippocampal formation. Consistent with this view, our result suggests that the RS may contribute to a more permanent store of the information in the cortical area. Conversely, HPC-lesioned rats performed the task at the same level regardless of the retention interval. Accordingly, correct performance level of the HPC group was inferior to that of the Cont group when tested 1 wk after training, while it was almost the same as the Cont group when tested 4 wk after training. This result suggests that the HPC might have a more important role for recent memory rather than for remote memory. In addition, the performance of the HPC group in the retention test was clearly different from that of the RS group. This might reflect the functional difference between the RS and HPC in spatial long-term memory and suggests the possibility that the relative importance of RS and HPC function had changed as time passed. However, it should be considered that the performance of the HPC group did not show any gradient as the retention interval increased, and it was ∼70% correct level, but not 50% level, even in the shortest retention interval. It should be noticed that HPClesioned rats could acquire the discrimination of all three arm pairs without intact dorsal HPC function. Although the learning was slower than the Cont animals, HPC-lesioned animals could acquire the task, suggesting that other brain regions, including residual HPC areas, might have compensated for the lesioned dorsal HPC. One may suppose that within-session learning in the retention test could produce performance above chance level and a flat gradient amnesia. However, the significant increase of correct performance within the session was not observed in all retention intervals (Fig. 3D) . Thus, this possibility could not explain results of the HPC group in the present study. The reason why the HPC group could maintain 70% level performance at all intervals despite the loss of sufficient HPC function is not clear at present. However, our view that residual HPC or other brain regions might have compensated for the HPC function may partly explain these results. In order to solve this problem, further study employing additional lesion groups will be needed.
